Summary Recent studies have indicated that heat shock proteins (HSPs), which function as molecular chaperones, play important roles in cellular responses to stress-related events. However, the gender difference in the expression of HSP in the gastric mucosa remains unclear. In order to understand the mechanism of gender difference in the prevalence or severity of gastric mucosal lesions, the expression level of HSP and the correlation of estrogen to HSP induction in the gastric mucosa were evaluated in this study. The basal expression levels of HSP60 and HSP90 in the gastric mucosa were significantly higher in females than those in males. The gastric ulcer index was significantly higher in male rats compared to female rats observed after 12 h water immersion stress exposure. At this time point, the expression levels of HSP60 and HSP90 in the gastric mucosa were significantly higher in females than those in males. An estrogen-treatment significantly induced the expression of HSP60, HSP70 and HSP90 in the gastric mucosa. Inversely, an ovariectomy dramatically reduced the expression of HSP60, HSP70 and HSP90 in the gastric mucosa. Our results suggested that estrogen might play an important role in gastric mucosal protection with the induction of gastric mucosal HSPs.
Introduction
Many epidemiological investigations have shown that the prevalence of peptic ulcers is higher in men compared to that in women, although the mechanisms underlying this gender difference are not fully understood [1] [2] [3] . Numerous studies have reported the protective role of estrogen in the development of various diseases such as cardiovascular disease [4] , osteoporosis [5] , and cerebral damage [6] . Therefore, sex hormones have been considered as the modulating factors in these diseases. In contrast, reports regarding the protective effects of sex hormones in the gastrointestinal tract are extremely limited [7, 8] .
Previous studies showed that various stresses, such as heat (e.g. hyperthermia), toxins, and some heavy metals induce heat shock proteins (HSPs), which function as molecular chaperones, play important roles in cellular responses to stress-related events. HSPs have been classified into four families, HSP90, HSP70, HSP60, and the low molecular weight HSP family, based on their subunit molecular masses and structural homology. HSPs are known to be highly conserved and are ubiquitous proteins expressed by eukaryotic and prokaryotic cells [9, 10] . Therefore, it is thought that HSPs have essential functions for the survival of cells and developmental process. Our recent studies have focused on the expression and 'chaperone' function of HSPs, chiefly their cytoprotective functions in digestive organs and cells. In the series of studies, we have demonstrated that HSPs are induced by several environmental stresses, including hyperthermia, neuropeptides, neuroamines, and various drugs in vivo. Some of the HSPs showed a cytoprotective function mediated by the chaperone function in the gastric mucosa. However, the relationship between the gender difference and the expression of HSPs in the gastric mucosa has not been studied.
In the present study, the expression of the HSPs levels and the effect of estrogen on the induction of HSPs in the gastric mucosa were evaluated to elucidate the mechanisms of gender difference in the prevalence or severity of gastric mucosal lesions.
Materials and Methods

Animals
This study was approved by the Animal Care Committee of the Juntendo University School of Medicine. Nine-weekold male and female Wistar rats (body weight: male 300-350 g; female 250-300 g) were fed a standard laboratory diet and water ad libitum and kept in cages (four rats were kept in a cage) in a temperature (24 ± 2°C)-controlled room with a 12 h-dark-light (6 a.m. on, 6 p.m. off) cycle before and during the experiments. All of the experiments were performed using animals deprived of food for 24 h, but with free access to water before the experiments including the control animals.
Water-immersion stress (WI-stress)-induced gastric mucosal lesions
Rats were placed in a restraint cage [90 × 240 × 190 mm for four rats (90 × 60 × 190 mm/rat)] and immersed vertically to the level of the xyphoid process from the foot in a water bath (320 × 420 × 300 mm) (23°C) [11, 12] . They were euthanized by stunning and cervical dislocation before and 3, 6, or 12 h (n = 4 at each time) after the initiation of the WI-stress (Fig. 1a) . The stomach was cut along the greater curvature and examined for mucosal lesions. The total length of each linear hemorrhagic erosion was measured by a stereoscopic microscope as the ulcer index (UI) (in mm) [7] by two observers who were blind to the animal group.
SDS-PAGE and Western blot analysis
Each gastric mucosa was scraped off using two glass slides on ice and immediately used for further experiments. The gastric mucosa was homogenized with ice-cold lysis buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM ethylene diamine tetraacetic acid (EDTA), 1% TritonX-100, and Complete Mini according to the manufacturer's recommendation (EDTA-free, Protein inhibitor cocktail tablets, Mannheim, Germany). The homogenates were centrifuged at 17,400 g for 20 min at 4°C, and the supernatant was stored at −80°C until the Western blotting was performed. The protein concentrations were measured by a protein assay kit (Bio-Rad, Richmond, California) using bovine serum albumin as the standard. An equal total protein amount was used for the 9% SDS-polyacrylamide gel electrophoresis [13] . Gels were stained with 0.1% Coomassie Brilliant Blue (R-250) in a mixture of 25% Fig. 1 . a: This figure shows the experimental protocol to study the gender difference in the ulcer index. Rats were euthanized before and 3, 6, or 12 h after the initiation of the WI-stress (n = 4 at each time point). WI-stress: water immersion stress; h: hour. b: Macroscopic findings showed that the gastric mucosal injuries after 12 h WI-stress exposure in male rats were more severe than those in female rats. WI-stress: water immersion stress; h: hour. c: This figure shows gender differences in the ulcer index. The ulcer index was significantly higher in male rats compared to that in female rats after the 12 h WI-stress (Bonferroni correction, p = 0.042). No gender difference in the gastric ulcer index was observed at the 3 h, or 6 h WI-stress exposure. Ulcer index: the total length of gastric mucosal erosions in mm; WI-stress: water immersion stress; h: hours; *p<0.05 was considered to be statistically significant. d: This figure shows gender differences in the basal expression of the HSPs. In the female rat gastric mucosa, the basal expression levels of HSP60 (t test, p = 0.011) and HSP90 (t test, p = 0.016) were significantly higher compared to those in male rats. There was no significant gender difference in the HSP70. Ratio of the density (%): density (female HSP) / density (male HSP) × 100, *p<0.05 was considered to be statistically significant. e: This figure shows the expression of HSPs after the 3 h WI-stress. There is no significant gender difference in the HSP70 and HSP60 levels. The expression of HSP90 was significantly higher in the females than in the males (Bonferroni correction, p = 0.03). Ratio of the density (%): density (female HSP) / density (male HSP) × 100, *p<0.05 was considered to be statistically significant. f: This figure shows the expression of HSPs after the 6 h WI-stress. There is no significant gender difference in the HSP70 and HSP60 levels. The expression of HSP90 was significantly higher in the females than in the males (Bonferroni correction, p = 0.023). Ratio of the density (%): density (female HSP) / density (male HSP) × 100, *p<0.05 was considered to be statistically significant. g: This figure shows the expression of HSPs after the 12 h WI-stress. The expression of HSP60 (Bonferroni correction, p = 0.013) and HSP90 (Bonferroni correction, p = 0.002) was significantly higher in the females than in the males, whereas there was no significant gender difference in the HSP70 level. Ratio of the density (%): density (female HSP) / density (male HSP) × 100, *p<0.05 was considered to be statistically significant.
isopropyl alcohol-10% acetic acid and destained with 10% isopropyl alcohol-10% acetic acid. The expression of each HSP was evaluated by a previously reported method [14] . Briefly, the samples (25 μg of protein/lane) were electrophoresed on 9% SDSpolyacrylamide gels, electrophoretically transferred to a PVDF membrane (0.45 μm pore size; Amersham Pharmacia Biotech, Buckinghamshire, England), and processed as described by Towbin et al. [15] . The membrane was incubated with the rabbit anti-HSP60 antibody [16] , rabbit anti-HSP70 antibody [17] , or rabbit anti-HSP90 antibody [18] and treated with horseradish peroxidase-conjugated antirabbit IgG (1:1000). The stained bands were visualized with 0.02% 3,3-diaminobenzidine tetrahydrochloride containing 0.005% H2O2. The intensity of the visualized band was quantified using Quantify One.4.0 software (Bio-Rad, Richmond, California). The ratio of the density of the stained band was calculated using the following formula as previously reported [19] . In Fig. 1d -g, Ratio of the density (%) = density (female HSP) / density (male HSP) × 100; in Fig. 2a -c, Ratio of the density (%) = density (esreadiol (E2) i.p.) / density (control) × 100; in Fig. 3 , Ratio of the density (%) = density (ovariectomy) / density (sham operation) × 100. Fig. 2 . In order to study the gender difference in the expression levels of the HSPs, we designed the experimental protocol to study the effect of estradiol on the male gastric mucosa. Each rat was euthanized before and 1 h, 3 h, or 6 h after the intra-peritoneal injection of 10 mg/kg estradiol (n = 4 at each time point). In the control group, the rats were treated with the vehicle (n = 4 at each time point). a: The expression level of HSP60 was significantly higher in the estradiol-administered group (estrogen group) compared to the control group after the 1 h (Bonferroni correction, p = 0.032) and 6 h (Bonferroni correction, p = 0.034). b: The expression level of HSP70 was significantly higher in the estradiol-administered group (estrogen group) compared to the control group after the 1 h (Bonferroni correction, p = 0.04), 3 h (Bonferroni correction, p = 0.013) and 6 h (Bonferroni correction, p = 0.016). c: The expression level of HSP90 was significantly higher in the estradiol-administered group (estrogen group) compared to the control group after the 1 h (Bonferroni correction, p<0.001), 3 h (Bonferroni correction, p = 0.003). E2: estradiol; 1 h: 1 h after intra-peritoneal injection of vehicle (DMSO/PBS, 0.5 ml) or estradiol (10 mg/kg); 3 h: 3 h after intra-peritoneal injection of vehicle (DMSO/PBS, 0.5 ml) or estradiol (10 mg/kg); 6 h: 6 h after intra-peritoneal injection of vehicle (DMSO/PBS, 0.5 ml) or estradiol (10 mg/kg); Ratio of the density (%) = density(E2 ip) / density (control) × 100, *p<0.05 was considered to be statistically significant.
Effect of E2 on gastric mucosal HSP expression
In order to study the effect of the E2 injection on the gastric mucosal HSP expression, 20 male rats were divided into four groups, and the experimental protocol was designed as follows. In the estrogen group, each rat was euthanized 1, 3, or 6 h (n = 4 at each time point) after the end of the intra-peritoneal injection of 10 mg/kg of E2 (This is a supraphysiological dose; other studies also treated animals with 1 mg/kg-10 mg/kg of E2 [20, 7] to study the effect of E2 on gastric ulceration with elevated serum levels of E2) (Cayman Chemical, Ann Arbor, Michigan) dissolved in a DMSO/PBS (DMSO: PBS = 1:4) solution (0.2 mg/ml). The animals were not given free access to food and water after the intra-peritoneal injection of E2. In the control group, the rats were treated with the vehicle. The stomach was then removed and the gastric mucosa of each rat was obtained.
In order to examine whether the stress-induced gastric mucosal lesions were reduced by the estrogenic administration, we designed the experimental protocol. Eight male rats were divided into two groups. The control group (n = 4) received an intra-peritoneal injection of 0.5 ml DMSO/PBS (DMSO: PBS = 1:4) as the vehicle. The estrogen group (n = 4) received an intra-peritoneal injection with 10 mg/kg of E2. DMSO/PBS and the E2 were received 1 h before the initiation of the 12 h WI-stress exposure.
Effect of ovariectomy on gastric mucosal HSP expression
Anesthesia was performed by inhalation anesthesia using isoflurane [21] . The female rats in the sham group (n = 4) underwent a sham operation. The female rats in the ovariectomy group (n = 4) were subjected to a bilateral ovariectomy by a ventral approach. Each group was euthanized 2 weeks after the operation and the stomach of each rat was then removed.
In order to study the effect of the E2 pretreatment on the ovariectomized female gastric mucosal protection, we designed the experimental protocol. Eight ovariectomized female rats were divided into a control group and an estrogen group. The control group (n = 4) received an intraperitoneal injection of 0.5 ml DMSO/PBS (DMSO: PBS = 1:4) as the vehicle. The estrogen group (n = 4) was treated with 10 mg/kg of E2 (i.p.). In both groups, the rats were euthanized after the initiation of a 12 h WI-stress.
Data analysis
All data were expressed as mean ± SEM. A statistical analysis was performed using a post-hoc test (Bonferroni correction) after two-way ANOVA to identify differences between individual groups for multiple comparisons (Fig. 1c, e-g, and 2a-c) . For unpaired variants, t test was performed after F test (Fig. 1d, 3, 4 and 5) ; p<0.05 was considered to be statistically significant. Fig. 3 . We designed the experimental protocol to study the effect of an ovariectomy (OVX) on the HSP expression in the female rat gastric mucosa. Eight female rats were divided into two groups. The sham group was given a sham operation (n = 4). The ovariectomy group was subjected to a bilateral ovariectomy (n = 4). Each group was euthanized 2 weeks after the operation and the stomach of each rat was removed. The ovariectomy dramatically reduced the expression of HSP60 (t test, p = 0.002), HSP70 (t test, p = 0.009), and HSP90 (t test, p = 0.015) compared to the sham-operated group. Ratio of the density (%) = density (ovariectomy) / density (sham operation) × 100; *p<0.05 was considered to be statistically significant.
Results
Ulcer index and expression of HSPs after WI-stress
There was a significant main effect of the time after WIstress [degree of freedom (df) = 1, F = 102.05, p<0.0001] such that the UI of the time after WI-stress in the male rats was significantly higher than that in the female rats. There was not a main effect of the sex difference in the UI. There was also a sex × time interaction [df = 1, F = 5.55, p = 0.026] in which there was significant sex difference in the time after WI-stress of the UI (Fig. 1c) . As shown in Fig. 1b and c, the UI after the 12 h WI-stress was significantly higher in the male rats when compared to that in the female rats (Bonferroni correction, p = 0.042). There was no significant gender difference in the UI after the 3 h or 6 h WI-stress exposure. In the female rat gastric mucosa, the basal expression levels of HSP60 (t test, p = 0.0011) and HSP90 (t test, p = 0.016) were significantly higher compared to those in the males (Fig. 1d) . As shown in Fig. 1e-g , there was a significant main effect of the sex difference in the HSP expression [HSP60, df = 1, F = 30.7, p<0.0001; HSP90, df = 1, F = 34.6, p<0.0001] such that the HSP60 and HSP90 expression after WI-stress in the female rats was significantly higher than that in the male rats, and there was also a main effect of time after the WI-stress [HSP60, df = 3, F = 12.8, p<0.0001] such that the male rats after the WI-stress expressed less HSP60 than that in the female rats. There was also a sex × time interaction [HSP60, df = 3, F = 12.8, p<0.0001] in which the female rats after WI-stress significantly induced the expression of HSP60 in the gastric mucosa compared to that in the males. There was neither main effects of sex and time after the WI-stress nor a sex × time interaction on the expression of the gastric mucosal HSP70. The induction ability of the gastric mucosal HSP60 (Bonferroni correction, p = 0.013) and HSP90 (Bonferroni correction, p = 0.002) by the 12 h WI-stress was significantly higher in the females than in the males (Fig. 1g) . On the other hand, there is no significant gender difference in the induction of the HSP70 level. Especially, the expression level of HSP90 in the female gastric mucosa Fig. 4 . In order to examine whether the stress-induced gastric mucosal lesions were reduced by the estrogenic administration, we designed the experimental protocol. Eight male rats were divided into two groups. The control group received an intraperitoneal injection of the vehicle (n = 4). The estrogen group received an intra-peritoneal injection of 10 mg/kg estradiol (n = 4). The vehicle and estradiol were administered 1 h before the initiation of the 12 h WI-stress. As shown in this figure, the administration of estradiol significantly reduced the severity of the stress-induced gastric mucosal lesions (UI) in the male rats (t test, *p<0.001). Control group, vehicle [DMSO/PBS (DMSO: PBS = 1:4)] 0.5 ml, i.p; Estrogen group, E2 10 mg/kg i.p; Ulcer index: the total length of gastric mucosal erosions in mm; *p<0.05 was considered to be statistically significant.
increased from earlier time points and showed a higher level at all time points compared to in the male gastric mucosa (Bonferroni correction, 3 h WI-stress, p = 0.03; 6 h WIstress, p = 0.023, 12 h WI-stress, p = 0.002). There was no significant gender difference in the expression level of the HSP60 after the 3 h or 6 h WI-stress exposure.
In the male and female gastric mucosa, the time course of the actual expression levels of HSPs after WI-stress compared at each time point to the basal expression level (data not shown) showed similar results to the percentage data.
Effect of estrogen and ovariectomy on gastric HSP expression and mucosal protection
As shown in Fig. 2c , there was a significant main effect of the E2-treatment [HSP90, df = 1, F = 17.44, p = 0.0005], and there was also a main effect of time after the E2-treatment [HSP90, df = 1, F = 7.85, p = 0.011] such that the control group expressed less HSP90 than the E2-administered group. There was also an E2-treatment × time interaction [HSP90, df = 1, F = 7.87, p = 0.011] in which the intra-peritoneal injection of E2 significantly induced the expression of HSP90 in the gastric mucosa compared to that in the untreated male control rats. The E2-treatment resulted in a significant increase in HSP60 and HSP70 in the gastric mucosa [HSP60, df = 1, F = 4.98, p = 0.037; HSP70, df = 1, F = 16.80, p = 0.0006] (Fig. 2a and b) . There was neither a main effect of time after the E2-treatment nor an E2-treatment × time interaction on the expression of the gastric mucosal HSP60 and HSP70. The expression levels of HSP60 (Bonferroni correction, p = 0.032), HSP70 (Bonferroni correction, p = 0.04), and HSP90 (Bonferroni correction, p<0.001) were significantly higher in the E2-administered group (estrogen group) compared to the control group after 1 h.
In order to examine whether the stress-induced gastric mucosal lesions were reduced by the estrogenic administration, the vehicle and E2 were administered 1 h before the initiation of the 12 h WI-stress. The administration of E2 significantly reduced the severity of the 12 h WI-stressinduced gastric mucosal lesions in male rats (t test, p<0.001) (Fig. 4) .
As shown in Fig. 3 , the ovariectomy dramatically reduced the expression of HSP60 (t test, p = 0.002), HSP70 (t test, p = 0.009), and HSP90 (t test, p = 0.015) compared to the sham-operated group. The treatment with E2 significantly reduced the severity of the 12 h WI-stress-induced gastric mucosal lesions in the ovariectomized female rats (t test, p = 0.007) (Fig. 5) . 
Discussion
Many recent studies have suggested that the synthesis of the HSPs is induced when the cells are exposed to sublethal stresses, such as elevated temperature, chemicals, infection, inflammation, or ischemia [16, 22, 23] . It has been reported that the heat shock response that induces HSPs is the most highly conserved genetic system known and exists in virtually every organism [24, 25] . HSPs are suggested to support the transportation, folding, and rearrangement of other proteins as a "molecular chaperon" [9, 10] . A growing body of evidence has indicated that HSPs are produced in response to an initial sublethal stress to protect the organism from subsequent exposure to more severe stress [26] . Some series of studies, including ours [10, 27] , has focused on the cytoprotective functions of HSPs both in vitro and in vivo. In the gastrointestinal mucosa and the liver, many studies have shown that the HSP70 family has a cytoprotective function [28] [29] [30] . For example, zinc L-carnosine, which is one of the gastroprotectants, induced HSP70 in rat gastric mucosa [31] . In addition, gastroprotectants accelerated ulcer healing and resistance to ulcer recurrence in rat gastric mucosa [32] .
On the other hand, numerous studies have reported the protective role of estrogen in the development of various diseases, such as cardiovascular disease [4] , osteoporosis [5] , cerebral damage [6] , and peptic ulcers [7, 8, 11] . Although recent studies have suggested a link between estrogen and the HSP expression in the hypothalamus, uterus, skeletal muscle, heart, and neural cells [33] [34] [35] [36] , the association of the HSP expression with a gender difference in the development of gastric mucosal injury has not been investigated. This information led us investigate whether the severity of gastric mucosal lesion and the expression of the HSP levels in the gastric mucosa after stress exposure would differ between males and females. Also, the effect of the estrogen administration on the induction of the HSPs in the male and ovarectomized female rat gastric mucosa was analyzed.
In the present study, the expression of HSP70, which has been reported to be important for gastric mucosal protection [28, 30] in the gastric mucosa, did not show a significant gender difference before and after the WI-stress. On the other hand, the present study demonstrated that the expression of HSP90 and HSP60 showed a gender difference. Female rats were more resistant to the development of gastric ulceration by the WI-stress due to a higher expression level of gastric HSP90 and HSP60 compared to the male rats. These data could suggest that the gender difference in the development of stress-induced gastric mucosal injury in rats might be related to the expression levels of HSP90 and HSP60 in the gastric mucosa. Furthermore, the treatment of male rats with estrogen significantly increased the expression of HSP60, HSP70, and HSP90 and reduced the severity of the WI-stress-induced gastric mucosal lesions. In addition, an ovariectomy reduced the expression of HSP60, HSP70, and HSP90 and significantly increased the severity of the WI-stress-induced gastric mucosal lesions in the female rats. Inversely, when ovariectomized female rats were treated with estrogen, the severity of the stressinduced gastric mucosal lesions was reduced with the recovered levels of HSP60, HSP70, and HSP90 in the gastric mucosa. These observations suggested that the gender difference observed in the development of the stressinduced gastric mucosal injury in rats might be partly explained by the differences in the gastric mucosal levels of HSP90, HSP70, and HSP60 induced by estrogen. Although a gender difference in the basal expression level of HSP70 and its induction ability was not observed, the mechanism was unclear. The balance of sex hormones may regulate the HSP70 expression in the gastric mucosa.
It is well-known that HSP60 is present as a mitochondrial protein in mammalian cells and that it plays an important cytoprotective role under stress conditions in vitro. We have previously reported that experimentally induced acute pancreatitis was dramatically prevented by the pre-induction of HSP60 in rats [16, 37] . In the gastric mucosal cells, HSP60 is induced in the cytoplasm and nuclei after the WIstress [38] . However, the function of HSP60 in the gastric mucosa has not been well understood. In the present study, the expression of HSP60 in the female gastric mucosa was higher than that in the male gastric mucosa before and after the WI-stress exposure. Both the female and male rats treated with estrogen were more resistant to the development of gastric ulceration by WI-stress with a higher expression level of HSP60. These findings might suggest that HSP60 is regulated by estrogen and correlated to the gastric mucosal protection.
HSP90 is known to act in the folding and maturation of steroid receptors [39] . Bharadwaj et al. reported that HSP90 regulates key steps in the heat shock transcription factor 1 (HSF1) activation-deactivation process [40] . Another recent report demonstrated that hypoxia-induced HSP90α secretion required neither a change in the steady-state mRNA level nor in the promoter activity of HSP90α. More intriguingly, the topical application of HSP90α accelerated wound healing in mice [41] . Recent studies have demonstrated that in the ventromedial hypothalamus (VMH) and uterus, the HSP90 expression was regulated by E2 [33, 42] . Taking these reports and our present data together, HSP90 is known to play an important role in the reduction of stress-induced gastric mucosal injury in females via an estrogen-HSP90 relationship with HSF1 activation.
Conclusion
Female rats were more resistant to the development of gastric mucosal injury by WI-stress. These phenomena were closely related to the mucosal levels of HSP90 and HSP60 in the gastric mucosa. Our results demonstrate for the first time that estrogen might play an important role in gastric mucosal protection inducing gastric mucosal HSPs. Our findings might at least partly explain one of the mechanisms of gender difference in gastric mucosal protection.
